In quadrupeds, spinalization in the thoracic region severely impairs postural control in 22
It was found that in none of these groups normal postural corrective movements in 28 response to lateral tilts of the supporting platform re-appeared within the month of treatment. In 29 control group, reduced irregular EMG responses, either correctly or incorrectly phased in 30 relation to tilts, were observed. By contrast, in DOI+SPT and EES+SPT groups, a gradual 31 threefold increase in the proportion of correctly phased EMG responses (as compared to control) 32 was observed. The increase was smaller in DOI+EES+SPT and SPT groups. Dissimilarly to 33 these long-term effects, short-term effects of DOI and EES were weak or absent. In addition, In the present study, we tested the hypothesis that repetitive, long-term application of 89 some activating factors can cause plastic changes in the isolated spinal postural networks 90 leading to restoration of postural limb reflexes and, possibly, to recovery of postural functions. 91
Three approaches were used. First, we performed regular (every second day) pharmacological 92 stimulation of the spinal cord by means of the 5-HT 2 agonist DOI [(±)-1-(2,5-Dimethoxy-4-5 iodophenyl)-2-aminopropane hydrochloride], which was applied intrathecally below the level of 94 spinalization. A positive role of serotonergic drugs for the recovery of motor functions after SCI 95 is well established. In acute spinal rabbits, 5-HTP induced locomotor rhythms (Viala and Buser 96 1971). In chronic rabbits with extensive incomplete SCI, a single intrathecal application of 97 quipazine (5-HT 1,2,3 agonist) facilitated postural reflexes, but the effect was limited to the first 98 reveal their short-term and long-term effects, such postural tests were performed before and 116 after application of the factor(s). With this procedure, however, in each session of postural 117 testing, the animal was subjected to numerous tilts, which could be considered as specific 118 postural training (SPT). Thus, the effects of DOI and EES could not be assessed separately, but 6 in combination with SPT (in the DOI+SPT and EES+SPT groups of animals). The effects of 120 postural training alone were assessed in the SPT group of animals. 121
It is known that some rudiments of postural control, e.g. weight-bearing standing 122 episodes, are present in spinal subjects (Giuliani and Smith 1985; Grillner 1973; Kellog et al. 123 1946) and can be improved by training (de Leon et al. 1998; Edgerton et al. 2001 Edgerton et al. , 2004 Pratt et 124 al. 1994) . However, these animals demonstrated the lack of lateral stability and were not able to 125 generate postural corrections in response to disturbances of body orientation. The SPT used in 126 the present study was specifically aimed at improving the lateral stability in spinal animals. 127
We also tested postural effects produced by a combination of three factors (in the 128 DOI+EES+CPT group of animals). No activating factors were used in the control group of 129 spinal animals. 130 7 knee flexor). In addition, in a few rabbits, electrodes were implanted into m. tibialis anterior 146 (Tib, ankle flexor) and m. semitendinosus (ST, knee flexor and hip extensor). The wires were 147 led sub-cutaneously toward the head and then through a small incision in the skin on the dorsal 148 aspect of the neck. The wound was sutured so that the wires were fastened to the skin. A small 149 connector was soldered to each wire at a distance of 2-3 cm from the skin. 150
In 3-4 days, when the animal had recovered completely from the first surgery, its 151 postural responses to tilts were tested (see below), and afterwards the second surgery was 152 performed. There were four types of surgery; all of them included spinalization at T11. In 153 animals from control and SPT groups, only spinalization was performed. In other groups, 154 spinalization was combined with implantation of either intrathecal cannula (DOI+SPT group), 155 or stimulating electrodes (EES+SPT group), or both (DOI+EES+SPT group). 156
During the second surgery in animals of all groups, an incision was made along the 157 dorsal midline in the lower thoracic region, and laminectomy at the T11-T12 level was done. 158
For implanting the cannula (in animals from DOI+SPT and DOI+EES+SPT groups), a small 159 hole in the dura was made on the midline dorsum of the cord in the T12 segment. The cannula 160 (silicone tube, OD = 0.7 mm, about 200 mm in length, filled with Ringer solution) was inserted 161 under the dura in the caudal part of the T12 segment, and protracted caudally for ∼100 mm to 162 reach the L5-L6 level, as shown schematically in Fig. 1A . The necessary length of the 163 descending arm of the cannula was measured externally by counting spinous processes. The 164 tube was glued to the T10 spinous process by dental cement; its rostral end was led sub-165 cutaneously toward the head and then through a small incision in the skin on the dorsal aspect of 166 the neck. The wound was sutured so that the tube was fastened to the skin. An opening of the 167 tube was closed with a small plug. 168
For implantation of electrodes for epidural electrical stimulation (EES) of the spinal cord 169 (in animals from the EES+SPT and DOI+EES+SPT groups), an incision was made along the 170 dorsal midline in the lumbar region, and laminectomy at the L5-L7 level was done. Two EES electrodes were made of the thin flexible stainless steel wires (d=200 µm) Teflon-insulated 172 except for the tips. They were positioned on the midline of the dorsal aspect of the spinal cord, 173 one in the L6 segment and the other in the L7 segment. The electrodes were sutured to the dura. 174
The electrode wires were glued to the L4 spinous process by dental cement. The rostral ends of 175 these wires were led sub-cutaneously toward the head and then through a small incision in the 176 skin on the dorsal aspect of the neck. The wound was sutured so that the wires were fastened to 177 the skin. In some of the rabbits, both cannula and EES electrodes were implanted using the 178 techniques described above. 179
In all groups of animals, the spinal cord injury, i.e., a complete transection of the spinal 180 cord, was performed at T11 level. For this purpose, the dura in the rostral part of the T11 181 segment was opened, a few drops of xylocaine (2%) were placed on the spinal cord, and then a 182 every day, and its bottom was covered with fresh absorbing tissue. The rabbits had access to 193 water, and were fed dry rabbit food, hay, and carrots. 194
The rabbits were monitored closely after surgery, particularly during the first 24-48 h. 195
An analgesic, buprenorphine hydrochloride (Temgesic, 0.01 mg/kg s.c.) was given every 12 h 196 for 48 h. To reduce inflammatory reaction caused by surgery, Rimadyl (4 mg/kg s.c) was injected pre-operatively and two days after surgery. In addition to their own water intake, the 198 first two days after the second surgery the rabbits were administrated, twice daily, 25 ml of 199 Ringer solution. During 3 days after the first surgery and 5 days after the second surgery, 200 antibiotic (Baytril, 5 mg/kg i.m.) was daily administered prophylactically. 201
Only two rabbits with spinal cord lesions were kept at any particular time. They were 202 attended to a few times daily, to express the bladder manually, and to inspect and clean the 203 hindquarters. symmetrical in relation to the horizontal position, with the peak-to-peak value of 40° in intact 218 rabbits. A smaller tilt value (30° peak-to-peak) was used in spinal animals. 219
Earlier it was shown that lateral displacements of the trunk in relation to the tilting 220 platform well characterize the efficacy of stabilization of the dorsal-side-up trunk position 221 (Beloozerova et al. 2003b ). In the present study we used the same method, and measured lateral 222 displacements of the caudal part of the trunk in relation to the platform P2 (postural corrections 223 in the hindquarters). This was done by means of a mechanical sensor positioned at the half-224 height of the body (S in Fig.1 EPIDURAL ELECTRICAL STIMULATION (EES). To set the optimal strength of current pulses 243 during EES, in each experiment we initially determined the threshold current (that elicited 244 motor responses in the hindlimbs), and then used a current 3-5 times stronger, which usually 245 was within the ranged of 100-500 μA. In the previous study on acute spinal rabbits it was shown 246 that an optimal frequency of EES for re-activation of spinal postural reflexes was 3 pps 247 (Musienko et al. 2010 ). In the present study, three frequencies of stimulation (1 pps, 3 pps, and 248 5 pps) were tested in each experiment in the EES+SPT group of animals, and only one 249 frequency (3 pps) in the DOI+EES+SPT group. can see that lateral displacements of the trunk in relation to the platform (S) were in anti-phase 323 to platform tilts (α). The peak-to peak value of S in rabbits before spinalization ranged from 3.0 324 to 4.5 cm (4.0±0.5 cm) and was similar to that observed in our previous studies (Beloozerova et 325 was extending due to activation of its extensor muscles (Gast and Vast). When the platform 328 under a limb was moving upward, the limb was flexing due to reduction in the activity of its 329 extensors, as well as due to activation of some flexors (e.g. Bic, not illustrated) (see also performed on day 6 after spinalization (the postural test in this rabbit before spinalization is 339 shown in Fig. 2A ). When the platform under the hindlimbs was tilted, the hindquarters passively 340 followed the platform movement and swayed toward the side tilting downward (as shown 341 schematically in Fig. 1D ). In contrast to anti-phase relationships between the platform tilts (α) 342 and the lateral displacements of the trunk (S) in this rabbit before spinalization ( Fig. 2A) , the S 343 trajectory after spinalization was in phase to the platform tilts, thus demonstrating the lack of 344 postural corrections. In the postural test shown in Fig. 2B , the tilt peak-to-peak value was 345 reduced from 40° (see Fig. 2A ) to 30°, since with larger tilts the rabbit could fall sideways. As 346 one can see in Fig varied considerably in amplitude and shape (onsets of these "correct" responses are indicated by 356 black arrows). Gast-L was also activated by tilts in all cycles, but its responses overlapped the 357 two phases (right and left tilts). We ascribed such EMG responses to the phase in which they 358 started and had more than 50% of their duration. According to these criteria, responses of Gast-359 L in three tilt cycles, i.e., activation during right tilt, were considered "incorrect" (indicated by 360 white arrows). Gast-R did not exhibit any stable responses, and Vast-R responded only in one of 361 the tilt cycles, and this response was in a correct phase. 362
In addition¸ a new phenomenon -the repetitive EMG bursts -was observed in spinal 363 animals, especially at the later post-lesion stages. This oscillatory EMG activity was often 364 caused by tilts and superimposed on the ordinary EMG responses (Fig. 2C ). Repetitive EMG 365 bursts in different groups of rabbits is considered in the section Oscillatory EMG activity. 366
Thus, a well-coordinated EMG pattern observed in intact animals ( Fig. 2A ), after 367 spinalization was transformed into poorly coordinated activity of individual muscles. Each 368 muscle could spontaneously switch between three types of activity: correct response, incorrect 369 response, and no response to tilt. Because of disintegration of the EMG pattern and a decrease in 370 the response magnitude, corrective trunk movements were absent (see trace S in Fig. 2C ). This 371 was characteristic for all animals of the control group. 372
To characterize EMG responses at different post-lesion stages, we used a method 373 three out of four muscles, as well as correct responses to tilts in two of them (Gast-R and Vast-402 L). The lateral trunk displacements (S) were in anti-phase to tilts, indicating the presence of 403 postural corrections, but they were very small (less than 1 cm against 4-5 cm in intact rabbits, Fig. 2A ). These small corrections in rabbit 166 were observed only during one session (day 29), 405 and never observed in the other rabbits. 406
To characterize the effect of DOI+SPT on the EMG responses in the whole DOI+SPT 407 group of animals, we used the same method as for the control group (see above). For each 408 control test, we calculated for individual muscles the relative number of tilt cycles with 409 responses in each category (correct, incorrect, no response, see Fig. 1F ). These data were 410 averaged over all muscles and all rabbits of DOI+SPT group (N=3); the averaging was done 411 separately for the 1st, 2nd, and 3rd ten-day periods post-lesion. 412
The long-term effects of DOI+SPT are summarized in Fig. 5A -C. For comparison, the 413 data for rabbits of the control group are also shown. One can see that the proportion of correct 414 responses in the DOI+SPT group increased over time, from 28% (in the 1st period) to 37% (in 415 the 3rd period). In any period, this proportion was significantly (three-fold) larger than that in 416 the control group. The proportion of incorrect responses also increased, but to a lesser extent. 417 Correspondingly, the proportion of "no responses" significantly decreased. Thus, the long-term 418 effect of DOI+SPT was a predominant facilitation of the correct EMG responses to tilts, 419 suggesting a considerable enhancement of spinal postural reflexes. 420 SHORT-TERM EFFECTS. To characterize the short-term effects of DOI, the test before DOI 421 application was compared to those after DOI application. Figure 5D shows the proportion of 422 correct, incorrect, and no responses for the control test done before DOI application, as well as 423 for 7 subsequent postural tests. Averaging was done over all animals of the DOI+SPT group and 424 all post-lesion periods. One can see that the proportion of correct responses after DOI 425 application did not change significantly as compared to that before DOI application. By 426 contrast, the proportion of incorrect EMG responses significantly decreased (almost half) during 427 the period of 65 min after DOI application. Correspondingly, the proportion of no responses 428 increased. Thus, the short-term effect of DOI was a considerable reduction of the proportion of 429 incorrect EMG responses.
Effects of EES combined with SPT 432
The EES+SPT group of rabbits (N=3) was subjected to regular (every second day) 433 epidural electrical stimulation (EES) combined with specific postural training (SPT) on the 434 tilting platform, with ~200 tilt cycles in each session (see Methods). 435 LONG-TERM EFFECTS. To characterize the long-term effects of EES+SPT, we used the 436 data obtained in control tests (before application of activating factors) at different post-lesion 437 time points, and used the same method of analysis as for the control and DOI+SPT groups (see 438 above). The long-term effects of EES+SPT treatment are summarized in Fig. 6A -C, which 439 shows the relative number of different types of EMG responses to tilts as a function of post-440 lesion time, for all animals of the EES+SPT group. For comparison, the corresponding data for 441 the control group are also given. One can see that the proportion of correct responses increased 442 over time, from 25% (in the 1st ten-day period) to 43% (in the 3rd ten-day period). In any 443 period, this proportion was significantly larger than that in the control group. An increase in the 444 number of correct responses was accompanied by a decrease in the number of cases with no 445 response (Fig. 6C) . The proportion of incorrect responses in the EES+SPT group was only 446 slightly larger than in the control group. Thus, the long-term effect of EES+SPT was a 447 predominant facilitation of correct EMG responses to tilts, suggesting considerable 448 enhancement of spinal postural reflexes. 449 SHORT-TERM EFFECTS. To characterize the short-term effects of EES, the proportion of 450 different types of EMG responses to tilt (correct, incorrect, no response) was calculated 451 separately for each of the three parts (before, during, and after EES) of each stimulation test (see 452 Methods). Then data were averaged over all animals of the EES+SPT group, separately for three 453 parts of the stimulation test, and separately for the 1st, 2nd, and 3rd ten-day periods. The short-454 term effects of EES are summarized in Fig. 6D -F. One can see that, in each ten-day period, the 455 proportion of correct responses during EES decreased as compared to that before and after EES (D). The proportion of incorrect responses during EES did not change, but it increased after EES 457 (E). Correspondingly, the proportion of "no responses" increased during EES (F). All these 458 changes were small (less than 20%). 459 460
Effects of SPT 461
The SPT group of rabbits (N=4) was subjected to regular (every second day) specific 462 postural training (SPT) on the tilting platform, with ~120 tilt cycles in each session (see 463
Methods). 464
The long-term effects of regular SPT are summarized in Fig are also shown. One can see that the proportion of correct responses increased over time, from 481 13% (in the 1st period) to 22% (in the 3rd period). In any period, this proportion was larger than that in the control group, but in the 3rd period the difference was not statistically significant. 483
The proportion of incorrect responses in the DOI+EES+SPT group was also larger than in the 484 control group, but in the 3rd period the difference was not statistically significant. Thus, the 485 long-term effect of DOI+EES+SPT was a facilitation of both correct and incorrect EMG 486 responses (and a corresponding reduction in the proportion of cases with no response). The 487 proportion of correct responses in the DOI+EES+SPT group was smaller than in the DOI+SPT 488 group and in the EES+SPT group (compare Fig. 8A with Figs. 5A and 6A; see also Fig. 10) . 489 SHORT-TERM EFFECTS. To characterize the short-term effects of DOI+EES, the 490 proportion of correct and incorrect EMG responses was calculated for the control test (before 491 DOI application), as well as for each of three parts of stimulation test (before, during and after 492 EES) for 7 post-injection stimulations (with intervals of 10 min). Then the data were averaged 493 over all animals of the DOI+EES+SPT group (N=3) during the month of treatment. Fig. 8D-F  494 shows short-term effects of the DOI application combined with EES. One can see that the 495 proportion of correct responses at different time points after DOI application (before EES) did 496 not change considerably as compared to that before DOI application (Fig. 8D) . By contrast, the 497 proportion of incorrect EMG responses before EES decreased in the first 3 tests after DOI 498 application ( Fig. 8E ). However, this decrease was very small (less than 10%). These short-term 499 effects of DOI in the DOI+EES+SPT group were similar to those in the DOI+SPT group (Fig.  500   5D ). After administration of DOI, short-term effects of EES were absent: the proportion of 501 different types of responses during and after EES did not change (Fig. 8D-F) . 502
503
Oscillatory EMG activity 504 505
The oscillatory EMG activity in hindlimb muscles was observed in all groups of spinal 506 animals, especially at the later post-lesion stages. Oscillations were often evoked by tilts and 507 superimposed on the ordinary EMG responses (Fig. 2C, Fig. 9A ). The oscillations could also be caused by other sensory stimuli (mechanical stimulation of the tail, flexing or extending the 509 limb, etc.), or appeared spontaneously. A representative example of the repetitive EMG bursts, 510 recorded simultaneously from eight hindlimb muscles, is shown in Fig. 9A (rabbit 156 from the 511 control group, tested on 34 day post-lesion). The oscillations were evoked by tilts of the 512 platform, and the first few tilts (after the period of unperturbed posture) usually were most 513 efficient in this respect. In response to tilt, a muscle could generate 1-5 bursts in succession 514 (burst duration, 0.5-1.0 s; burst frequency, 0.5-1.0 Hz). The bursts generated by different 515 muscles could be synchronized in phase with each other (as in the cases indicated by frames a, b 516 and d in Fig. 9A ) or could be in anti-phase (indicated by frames c and e). One can see that 517 agonistic muscles could generate bursts synchronously (see Vast-L and Gast-L, frame b in Fig.  518 9A) as well as in anti-phase (see Vast-R and Gast-R, frame e in Fig. 9A ). 519
To characterize the development of oscillatory EMG activity in different groups of 520 rabbits, we calculated the number of bursts generated by all muscles during the control tests, and 521 divided this value by the number of muscles and by the number of tilt cycles. Figure 9B shows 522 this value for the control group of rabbits, averaged over all 3 animals at different time-points 523 after lesion. Oscillations in EMGs appeared soon after spinalization, and then gradually 524 increased during the month of observation. Figure 9C shows the value of oscillatory EMG 525 activity in the control tests for different groups of rabbits, averaged separately for each 10-day 526 post-lesion period. One can see that the rate of development of the oscillatory EMG activity was 527 significantly lower in the SPT, DOI+SPT, EES+SPT and DOI+EES+SPT groups of rabbits as 528 compared to the control group. This finding suggests that all three activating factors that 529 promote recovery of postural reflexes, retard the development of oscillatory EMG activity. One of the postural deficits observed in spinal rabbits was a considerable reduction of 542 EMG responses to tilts. As a result, the limb muscles developed insufficient force to compensate 543 for the tilts (Fig. 2B,C) . The other deficit was instability of these reflex responses -they could For EES, we employed the technique previously tested in the acute spinal rabbits 567 (Musienko et al. 2010 ). We used the characteristics of stimulation (frequency 1-3 Hz; current 568 100-500 µA; sites of stimulation in L6-L7), which most effectively restored postural limb 569 reflexes in those rabbits. 570
The main result of this study is that, in the DOI+SPT and EES+SPT groups of animals, 571 the activating factors produced considerable, long-term effects on the postural EMG responses 572 to tilts, and the proportion of correctly phased responses increased significantly as compared to 573 the control group (Figs. 5A, 6A, 10) . This increase was observed in each ten-day period after 574 lesion. It seems likely that the effects of DOI+SPT and EES+SPT were cumulative during the 575 month of treatment, resulting in a progressive increase of the proportion of correct responses. 576
The proportion of incorrect responses also increased, but to a much lesser extent (Figs. 5B and 577 6B). Thus, regular application of DOI+SPT or EES+SPT causes specific, long-term plastic 578 changes, i.e., a gradual increase of excitability in the spinal networks generating postural limb 579 reflexes. 580
In the SPT group, the proportion of correct responses also increased as compared to the 581 control group (Fig. 7A ), but to a much lesser extent than in the DOI+SPT and EES+SPT groups 582 ( Fig. 10 ). There was also some increase in the proportion of incorrect responses (Fig. 7B) . A 583 relatively small efficacy of SPT (when this factor was used alone) suggests that a high efficacy 584
of the combinations DOI+SPT and EES+SPT was mainly due to the additive effects of the two 585 factors. It is known that some factors exert additive long-term effects when activating locomotor In the present study, however, the long-term effects of the combination of the three 590 factors (DOI, EES and SPT) were not additive. In the DOI+EES+SPT group, the proportion of 591 correct responses increased as compared to the control group (Fig. 8A ), but to a much lesser 592 extent than in the DOI+SPT and EES+SPT groups; this increase was similar to that in SPT 593 group (Fig. 10) In all groups of spinal rabbits, the oscillatory activity in the hindlimb EMGs was 629 observed. Repetitive EMG bursts were usually caused and modulated by tilts, but they could 630 also be caused by other sensory stimuli or appeared spontaneously. One could simultaneously 631 observe several rhythms of oscillations, with complex patterns of synchronization between 632 different muscles in one limb or in two limbs (Fig. 9A ). Such oscillations (but at higher 633 frequencies, 5-8 Hz) are characteristic for clonus, i.e., the symptom observed in SCI-patients and all rabbits of the EES+SPT group (N=3). Averaging was performed separately for three ten-875 day periods post-lesion. In D and F, for each ten-day period, the difference between the 876 proportion of responses before and during EES was statistically significant. In E, this difference 877 was significant in 2nd and 3rd periods. proportion of correct postural EMG responses, averaged for the 1st, 2nd, and 3rd ten-day period 913 after spinalization. In each period, the difference between the control group and the treated 914 groups was statistically significant. The statistically significant difference was also found 
